X-linked congenital generalized hypertrichosis (Online Mendelian Inheritance in Man 307150) is an extremely rare condition of hair overgrowth on different body sites. We previously reported linkage in a large Mexican family with X-linked congenital generalized hypertrichosis cosegregating with deafness and with dental and palate anomalies to Xq24-27. Using SNP oligonucleotide microarray analysis and whole-genome sequencing, we identified a 389-kb interchromosomal insertion at an extragenic palindrome site at Xq27.1 that completely cosegregates with the disease. Among the genes surrounding the insertion, we found that Fibroblast Growth Factor 13 (FGF13) mRNA levels were significantly reduced in affected individuals, and immunofluorescence staining revealed a striking decrease in FGF13 localization throughout the outer root sheath of affected hair follicles. Taken together, our findings suggest a role for FGF13 in hair follicle growth and in the hair cycle.
congenital hypertrichosis | excessive hair growth I nherited hypertrichoses are rare human disorders characterized by excessive hair growth that does not depend on androgen stimulation and is independent of age, sex, and ethnicity (1) . Hypertrichosis syndromes fall under the larger umbrella of ectodermal dysplasias, or abnormal development of the hair, skin, nails, teeth, and/or eccrine glands, and are often associated with additional anomalies including gingival hyperplasia, deafness, cardiomegaly, and bone abnormalities (2) . It has been suggested that inherited hypertrichoses represent examples of atavisms, or the recurrence of an ancestral phenotype, where the genes that promote a full coat of hair in other mammals and were silenced throughout evolution have become "reactivated" in human hypertrichosis, invoking unusual genetic mechanisms to explain their occurrence (3, 4) .
We and others have identified genetic defects in two forms of autosomal dominant congenital generalized hypertrichosis (CGH) associated with copy number variants on chromosome 17q24 and with rearrangements on chromosomes 3, 7, and 8 (5-7). We previously reported a position effect on the zinc-finger transcription factor Trichorhinophalangeal syndrome 1 (TRPS1) associated with Ambras syndrome congenital hypertrichosis, which was recapitulated in the koala (Koa) mouse hypertrichosis model (8) . Likewise, we recently demonstrated a position effect on SRYrelated HMG box gene 9 (SOX9) associated with CGH terminalis (9) . Importantly, our findings provided evidence for position effects-instances in which a change in gene expression results from altering the location of a gene relative to its native chromosomal position (10)-as mechanisms contributing to inherited hypertrichoses (8) .
In this work, we sought to identify the genetic mechanism associated with X-linked CGH in a family in which we previously reported linkage to chromosome Xq24-27 (11) . We identified a large interchromosomal insertion that leads to decreased expression of a distant gene, Fibroblast Growth Factor 13 (FGF13), which is expressed in the hair follicle, providing evidence to support a position effect as the underlying genetic basis of X-linked hypertrichosis.
Results and Discussion
We ascertained a large kindred from Mexico with X-linked CGH (Online Mendelian Inheritance in Man 307150) cosegregating with deafness and with dental and palate anomalies ( Fig. 1 A-E) (11) . Affected males have approximately three times the number of normal hairs on the scalp and exhibit excessive growth of highly pigmented terminal hairs (medullated) on the scalp, back, shoulders, chest, arms, legs as well as on the face ( Fig. 1 A-D), whereas hemizygous carrier females have mild hypertrichosis uniformly distributed across the body (Fig. 1E ).
Histological analysis of affected hair follicles using hematoxylin and eosin staining confirmed that the hairs are of the terminal type because they are medullated, pigmented, and penetrate deep within the dermis ( Fig. 1 H and J) . Affected individuals have an increased density in the number of hair follicles and a transformation from vellus (fine, nonmedullated, unpigmented) to terminal hair follicles on multiple body sites, which cause an excessive hair overgrowth phenotype. Morphometric analysis of affected hair follicles revealed a widened dermal papilla (threefold increase; P = 0.0000343), matrix (1.9-fold increase; P = 0.0000642), and hair shaft (1.25-fold increase; P = 0.036) in hair follicles from three affected individuals compared with controls ( Fig. 1 G-J and Fig. S1 ).
In our previous work on this family, we performed linkage analysis, which defined a 19-Mb region on Xq24-27 that spans ∼82 genes and completely cosegregates with the disease (11) . Sequencing the coding exons of every gene in the interval proved unsuccessful in identifying the mutation. To identify the genetic defect, we next performed SNP oligonucleotide microarray analysis (SOMA) using the Affymetrix Cytogenetics Whole-Genome 2.7M array, which revealed a 386-kb duplication of chromosome 6p21.2 ( Fig. 2A) . We then visualized the duplication at the cytogenetic level using fluorescence in situ hybridization (FISH) with two nonoverlapping BAC probes spanning the chromosome 6p21.2 duplication, which revealed a third signal for chromosome 6 present on the X chromosome ( Fig. 2 B and C) . To identify the insertion breakpoints as well as their content, we performed whole-genome sequencing (WGS), which revealed a large interchromosomal insertion at an extragenic palindromic sequence on chromosome Xq27.1, consisting of a 386-kb duplication of chromosome 6p21.2 and 56 bp of chromosome 3q21.1 in the reverse orientation, separated by 14 bp of unknown origin ( Fig. 3 A and B) . This complex insertion leads to a 2-bp deletion within the Xq27.1 palindromic site and contains sequences from two genes on chromosome 6p21.2 [Dishevelled associated activator of morphogenesis 2 (DAAM2) and Kinesin family member 6 (KIF6)] and one gene from chromosome 3q21.2 [Family with sequence similarity 162, member A (FAM162A)], none of which have reported functions in the skin or hair follicle. To confirm that the insertion cosegregated with the disease phenotype, we used PCR amplification of the centromeric and telomeric breakpoint junctions on genomic DNA from control, carrier, and affected individuals, which revealed junction bands present only in affected and carrier individuals, whereas DNA from controls produced an amplicon representative of an unaffected X chromosome ( Fig. 3 C and D) .
To gain insight into whether the insertion at Xq27.1 affects X-chromosome inactivation in female carriers, because skewed X inactivation is a phenomenon reported in several X-linked disorders (12, 13) , we performed the X-chromosome inactivation (XCI) assay and did not observe significant skewing (≥80%) in four of five carriers (Table S1 and SI Materials and Methods).
Importantly, two other recently reported families with X-linked CGH contain linkage to chromosome Xq24-27, consistent with our findings in which one family contains a 300-kb interchromosomal insertion from chromosome 4q31.2 and the other family contains a 125-kb interchromosomal insertion from chromosome 5q35.3 (14) (Fig. S2) . Interestingly, the insertion events in all three families occur at the same human-specific extragenic palindrome sequence at Xq27.1, suggesting that the presence of the insertion (rather than its content) may be responsible for the excessive hair overgrowth phenotype by disruption of the chromosomal architecture in the region.
Despite the identification of different insertions in these three cases, their impact on the expression of the surrounding genes has not been thoroughly investigated. Therefore, we analyzed the expression of several neighboring genes using quantitative RT-PCR (qRT-PCR) on RNA isolated from control, carrier, and affected skin biopsies. Unexpectedly, we found that FGF13 levels were significantly reduced in affected individuals by approximately fourfold (P = 0.0007) relative to controls and observed a clear dosage effect when comparing levels between carrier and affected individuals (Fig. 4 A and B) . To verify that the change in FGF13 expression observed in affected skin biopsies was not due to differences in the number of hair follicle cells present, we normalized FGF13 expression to that of Keratin 14 (KRT14), which marks the outer root sheath and basal layer of the epidermis, and found that FGF13 levels were dramatically reduced (18.1-fold; P = 0.00006) in affected hair follicle cells (Fig. 4C) .
Importantly, the mRNA levels of additional neighboring genes were not significantly changed, and SOX3 and Chromosome X open reading frame 66 (Cxorf66) expression levels were undetectable in control and affected individuals (Fig. 4A) . To further examine the expression levels of the genes surrounding the 389-kb insertion, we performed RNA sequencing (RNA-seq) on RNA from the skin of one control and one affected individual, which verified the decrease in FGF13 expression (eightfold; P = 0.012) and revealed that the expression levels of most of the genes in the surrounding region over a distance of ∼3 Mb on either side of the insertion were not significantly changed (Table S2 and SI Materials and Methods). The expression of the microRNA, miR-504, intronic to FGF13, was reduced by approximately 1.5-fold in the carrier and affected individuals by qRT-PCR (P = 0.00831) (Fig. 4A) . FGF13 is not a predicted target gene of miR-504, yet there are several predicted targets with known roles in hair follicle development and cycling whose expression levels were altered in X-linked hypertrichosis, detected by RNA-seq (Table S3 and SI Materials and Methods). Although these changes in gene expression may simply reflect a difference in the number of hair follicle cells present, it remains possible that the reduction of FGF13-miR-504 transcripts either directly or indirectly leads to increased expression of some of these downstream genes.
FGF13 is a plausible candidate gene to be the target of the position effect because its expression was previously detected in the hair follicle bulge, which is the stem cell compartment of the hair follicle (15, 16) . However, it was unclear whether these were the only FGF13-expressing cells in the human hair follicle or whether expression was more widespread. Using in situ hybridization and immunofluorescence staining on hair follicles in the growth stage of the hair cycle, anagen, we detected expression of FGF13 in the outer root sheath within the middle and upper portions of the human hair follicle (Fig. 4 D and E) . We also observed FGF13 expression in the trichilemma, or outer root sheath compartment of the club hair, during the resting stage of the hair cycle, telogen, by immunofluorescence staining (Fig. 4F) . In anagen hairs, FGF13 localizes to the outer root sheath (ORS) where KRT14 is expressed and also localizes to the companion layer that separates the outer from the inner root sheath, as evidenced by overlapping expression with KRT75 (companion layer marker) (Fig. S3 A and B) . However, we did not observe FGF13 localization to the bulge region of the anagen human hair follicle, through costaining with CD200, a well-characterized bulge marker (Fig. S3C ).
To gain insight into which cells exhibited decreased FGF13 levels, we performed FGF13 immunofluorescence staining on control, carrier, and affected hair follicles and observed a decrease in the intensity of expression and the number of FGF13-positive cells throughout the outer root sheath of affected anagen follicles compared with controls and carriers ( Fig. 5 A and  C) . Moreover, a comparison of affected and carrier telogen follicles revealed a decrease in expression throughout the affected hair follicle, recapitulating the dosage effect observed at the mRNA level (Fig. 5B) .
To further investigate the selective decrease of FGF13 expression in affected keratinocytes, we performed qRT-PCR on keratinocytes and fibroblasts cultured from control, carrier, and affected skin biopsies and observed a significant decrease in FGF13 expression in affected keratinocytes of 6.7-fold (P = 0.00193) (Fig. 5D ), but not in the fibroblasts. Consistent with our previous observations, our findings localize the defect to the keratinocyte compartment.
To determine Fgf13 expression during murine hair follicle morphogenesis, we performed whole-mount and section in situ hybridization on embryonic day 12.5 (E12.5)-E16.5 embryos and observed strong expression in placodes (the sites of newly forming follicles), as well as in the dermal condensate beneath the placodes that becomes the dermal papilla of the hair follicle at E14.5 within the developing whisker pad and guard hair pelage follicles (Fig. S4A ). Immunofluorescence staining of vibrissae follicles during morphogenesis at E16.5 revealed that Fgf13 localizes to the outer root sheath, similar to the postnatal localization pattern of the human FGF13 protein in anagen follicles (Fig. S4B) . Moreover, immunofluorescence staining on postnatal skin revealed that Fgf13 localizes to the bulge, isthmus region, and outer root sheath of the hair follicle ( Fig. S4 C and D) . Taken together, our results suggest a potential role for Fgf13 in regulating hair follicle growth and cycling.
In mice and in humans, five-prime alternative splicing of FGF13 and use of different transcription start sites generates transcripts with distinct 5′ exons referred to as 1S, 1U, 1V, 1Y, and 1V+1Y, where exons 2-5, encoding the conserved core region of the protein, are common to all transcripts. Isoform-specific PCR revealed that isoforms 1S, 1V, 1Y, and 1V+1Y are expressed in human scalp skin (Fig. S5 ). To gain insight into the mechanism by which the interchromosomal insertion alters FGF13 transcript levels in Xlinked hypertrichosis, we used the RNA-seq data to test for differentially expressed isoforms using Cuffdiff (SI Materials and Methods), but did not observe differential expression between the FGF13 isoforms, suggesting that the interchromosomal insertion disrupts the transcription of all isoforms rather than altering the use of a particular transcription start site.
Position effects on single genes have been reported in several other human genetic diseases associated with large chromosomal rearrangements where the distances of the farthest breakpoints from the target genes were as large as 1.0 Mb [sonic hedgehog (SHH) in preaxial polydactylyl II] (17, 18), 1.3 Mb (SOX9 in camptomelic dysplasia) (19, 20) , and 7.3 Mb (TRPS1 in Ambras syndrome) (8) . Because FGF13 lies 1.2 Mb away from the insertion and its expression was selectively reduced, we postulate that the interchromosomal insertion at Xq27.1 separates the gene from a tissue-or temporalspecific modifier element (such as an enhancer) required for proper FGF13 expression during hair follicle morphogenesis and cycling. Consistent with this notion, we found that FGF13 expression was selectively reduced in a tissue-specific manner, as transcript levels were decreased in affected keratinocytes, but not in fibroblasts.
Our data indicate that FGF13 is primarily expressed throughout the outer root sheath of human hair follicles, and findings from the clinical, histological, and morphometric analyses revealed increased width of hair follicles in X-linked hypertrichosis ( sheath of hair follicles have been reported to have noncell autonomous effects on other compartments, indirectly or directly leading to changes in hair follicle width and/or length. In the case of Dishevelled 2 (Dvl2), an effector of wingless-type MMTV integration site family, member 3 (Wnt3) signaling normally expressed in the outer root sheath and the precortical and precuticle cells of the hair shaft, its overexpression in the outer root sheath induces a short-hair phenotype by altering the differentiation of hair shaft precursor cells (21) . Similarly, overexpression of Vegf in the outer root sheath, where it is normally expressed, induces perifollicular vascularization of the hair follicle, resulting in accelerated hair regrowth and in increased size of hair shafts (22) .
In our mouse expression studies, we found that Fgf13 is expressed during hair follicle induction and morphogenesis, suggesting that it may play an important role in these processes. Affected individuals in the X-linked hypertrichosis family possess an increased density of hairs; thus, it is possible that dysregulation of FGF13 levels in X-linked hypertrichosis leads to the formation of extra hairs, but further studies using Fgf13-deficient mice would be needed to directly implicate a role for Fgf13 in hair follicle morphogenesis and cycling. Interestingly, Fgf13 expression has been demonstrated in the dental mesenchyme and developing tooth bud (23) , an additional site of pathology for X-linked hypertrichosis patients who have dental and palate anomalies, suggesting a potential role for this gene in odontogenesis.
Several FGFs and their receptors are known to play important roles in hair regrowth. Although canonical FGFs are known to signal through their respective receptors to control hair growth via stem cell activation and quiescence, FGF13 is the first noncanonical FGF to be implicated in hair follicle morphogenesis and cycling. As FGF13 has been reported to bind the MAPK scaffolding protein islet brain 2 (IB2) (24) , leading to activation of a stress-induced MAPK that lies downstream of the canonical FGF-signaling pathway (24) , one possibility is that FGF13 internally modulates the transcriptional output of canonical FGF signaling to control hair growth. Consistent with this notion, we found the expression levels of several FGFs to be dysregulated in X-linked hypertrichosis (Table S4) . Among these was FGF5, a known regulator of the anagen-to-catagen transition and responsible for the excessive hair overgrowth phenotype in angora mice, dogs, goats, and rabbits (25) (26) (27) (28) . A second possibility is that FGF13 acts as a microtubule-stabilizing protein in the hair follicle, similar to its role in neurons (29) , to regulate additional signaling molecules active in the developing follicle. Further functional studies on FGF13 will reveal the mechanism by which it regulates hair follicle growth and distribution.
In this study, we identified a 389-kb interchromosomal insertion at Xq27.1 that completely cosegregates with the X-linked CGH phenotype and found that, among the genes surrounding the insertion, FGF13 expression was selectively and profoundly reduced. FGF13 lies 1.2 Mb away from the insertion, revealing a position effect on a distant gene as a result of the chromosomal insertion at Xq27.1. Although it has been suggested that these large interchromosomal insertions may mediate pathogenic effects by introducing novel regulatory elements, it is more likely that the presence of the insertions (rather than their content) is responsible for the hair overgrowth phenotype because the sequences contained within each insertion are different among the families (14) . Moreover, these insertions occur at an extragenic palindrome sequence and do not disrupt the coding region of a gene in the surrounding region (Fig. S2) .
The density of hair follicles covering the human body is markedly reduced compared with other primates, and as such, the excessive hair phenotype observed in hereditary hypertrichosis has been suggested to be reminiscent of an atavism (3) . Various examples of atavisms involving several body parts have been reported in mammals, including the occurrence of complete ulnas and fibulas in miniature horses, reptile-like coronary circulation and myocardial architecture in humans, and the development of the ancestral tooth primordia in retinoic acid receptor-deficient mice (30) (31) (32) . Importantly, the occurrence and prevalence of these ancestral features is highly suggestive of a genetic basis, one involving unusual mechanisms. Here, we report a position effect on FGF13 in X-linked hypertrichosis that alters the spatiotemporal expression of the gene in the hair follicle. In light of our findings, we suggest that the altered FGF13 expression in affected hair follicles influences important downstream signaling pathways, ultimately leading to the terminal hair overgrowth phenotype of X-linked hypertrichosis.
Materials and Methods
Ethics Statement. Informed consent was obtained from all subjects and approval for this study was provided by the Institutional Review Board of Columbia University in accordance with the Declaration of Helsinki Principles.
Patient Materials, Histological Analysis, and RNA Extraction. DNA was previously collected from 26 members of a family, 3 of whom are obligate carriers and 8 of whom are affected (11) . Whole-skin biopsies taken from the back were then obtained from three female carriers and three affected male individuals. Biopsies were divided into three separate pieces for RNA extraction, cell culture [see SI Materials and Methods for details), and optimal cutting temperature compound (OCT) embedding for histological and morphometric analysis (see SI Materials and Methods for details]. We obtained control hair follicles from occipital scalp biopsies from discarded tissue following hair transplant surgeries. Samples were designated as non-human subject research under 45 Code of Federal Regulations (CFR) Part 46, and we therefore received an institutional review board exemption to use these materials. RNA extraction was performed using the Qiagen RNeasy Mini Kit following the manufacturer's instructions. Total RNA was used for first-strand cDNA synthesis, as previously described (8) .
SOMA and WGS. DNA from an affected individual was prepared and hybridized as per the manufacturer's instructions on the Affymetrix Cytogenetics WholeGenome 2.7M array, and data were analyzed with the Affymetrix Chromosome Analysis Suite. WGS was performed on one affected male of this Mexican family using the methods described in SI Materials and Methods. All coordinates reference the UCSC Genome Browser human reference genome build hg19.
Cytogenetic Analysis, Amplification of Genomic DNA, and qRT-PCR. the disease phenotype, 100 ng of DNA was used for PCR amplification of the centromeric and telomeric breakpoints as well as of the control region of the unaffected X chromosome (details listed in the SI Materials and Methods). qRT-PCR was performed as previously described (8) using the Delta-Delta-Ct (ddCt) method, and primers are listed in the SI Materials and Methods.
In Situ Hybridization and Immunofluorescence Staining. Whole-mount in situ hybridization was performed as previously described (8) (see SI Materials and Methods for details). Immunofluorescence staining was performed on human control, carrier, and affected 12-μm hair follicle sections as well as on Swiss Webster dorsal skin sections (10 μm) from postnatal day 30 (anagen) and 50 (telogen) mice using the conditions described in the SI Materials and Methods. Immunofluorescence staining in carrier and affected telogen hair follicles reveals decreased FGF13 expression in the affected hair follicle, recapitulating the dosage effect seen at the mRNA level. Z-stack images were taken using identical settings and a consistent Z-stack interval between control, carrier, and affected samples. CH, club hair of a telogen follicle. (C) Quantification of the percentage of FGF13-expressing ORS cells in control and affected hair follicles reveals a decrease in the number of FGF13-expressing cells within the upper and midfollicle regions of the ORS (P < 0.05). Data represent the averaged value of three independent experiments, where images taken at a 40× magnification were used to quantify the number of FGF13-positive cells relative to the total number of ORS cells. For immunofluorescence studies, hair follicles were stained from three control and two affected skin biopsies. (D) qRT-PCR revealed that FGF13 expression is reduced in keratinocytes but not in fibroblasts grown from skin biopsies. A Student t test was performed with a cutoff P value of 0.05 for statistical significance; *P < 0.05, **P < 0.01. Error bars represent the SEM. (Scale bar, 100 μm.)
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SI Materials and Methods
Histological and Morphometric Analysis of X-linked hypertrichosis (XLH) Skin Biopsies. Whole-skin biopsies from the affected, carrier, and control individuals were embedded in optimal cutting temperature (OCT) compound, and a microtome cryostat was used to create 12-μm-thick hair follicle sections. Sections were stained with hematoxylin and eosin, permanently mounted with Permount (Thermo Fischer Scientific), and imaged using an HRc AxioCam fitted onto an Axioplan2 fluorescence microscope (Carl Zeiss). For morphometric analysis, the length-measuring tool in the AxioVision (release 4.8.2) program was used to calculate the distance between two points for each of the indicated hair follicle components; the widest distance for each structure was used, and the average value was taken using two to four measurements per section (with three to six sections per slide). Hair follicles were analyzed from one control and two affected individuals, where each skin biopsy contained two hair follicles, both of which were analyzed.
Isolation and Culture of Human Keratinocytes and Fibroblasts from
Whole-Skin Biopsies. Keratinocytes and fibroblasts were grown from control, carrier, and affected skin biopsies using the following protocol: skin biopsies were collected in 10% (vol/vol) FBS in Dulbecco's Modified Eagle Medium (DMEM), washed with 5 mL PBS, and then chopped into small pieces that were transferred to 5 mL Dispase (5 mg/mL) overnight at 4°C. Epidermis and dermis were separated with a scalpel, and the epidermis was placed into 5 mL 0.25% trypsin-EDTA at 37°C for 30 min and then into 20 mL 10% (vol/vol) FBS in DMEM. Cells were collected by centrifugation at 1,000 × g for 7 min and resuspended in epidermal keratinocyte growth media, defined with supplements (CnT-07; CELLnTECH). Fibroblasts were isolated by digesting the dermis in 10 mL 0.3% collagenase for 4 h at 37°C. Cells were collected by centrifugation at 1,200 × g for 10 min, washed in 30 mL fibroblast culture medium [10% (vol/vol) FBS in DMEM] twice, and then resuspended in fibroblast culture medium.
Whole-Genome Sequencing. DNA was prepared for sequencing according to the Illumina DNA sample preparation kit protocol. Initially, the DNA was randomly fragmented by nebulization followed by end repair, addition of a single A base, adaptor ligation, and gel electrophoresis to isolate 300-bp fragments followed by PCR amplification. Next, the size-selected libraries were used for cluster generation on the flow cell. All prepared flow cells were run on the Illumina HiSeq using the paired-end module: the paired-end reads were each 100 bp long. DNA was aligned to the reference genome (National Center for Biotechnology Information Build 36 Ensembl release 50) using the BWA software (version 0.4.9) (1). Picard was used to remove potential PCR duplicates via the rmdup command. SAMtools (version 0.1.5c) was used for variant identification, using the pileup command with the -c option and default settings (2) . The variants were then filtered using a SAMtools variation filter with the default settings but removing the filter for a maximum allowed coverage per variant by setting it to 10 million. All variants were screened for quality by keeping only those with a consensus score and quality score of at least 20 [50 for insertions/deletions (INDELs)] and that had at least three reads supporting the variant. Heterozygous INDELs were also excluded if the ratio of variant reads to reference reads was less than 0.2. The average coverage for this sample was 44.4×. Large deletions and duplications were identified with the Estimation by Read Depth with SNVs software. Structural variants including insertions and translocations were identified using SV-Finder, software developed in the Duke Center for Human Genome Variation that uses multiple alignment-based approaches with an emphasis on split-read and pair-end.
The genomewide identification of functional gene variants was facilitated by SequenceVariantAnalyzer (3).
Amplification of Genomic DNA. The reaction conditions were as follows: 95°C for 5 min, 94°C for 30 s, 55°C for 40 s, and 68°C for 1.5 min, where 35 cycles were run with a final extension time of 10 min at 68°C. The primers used for the control reaction were (F) TGGCATTACAAGAGTTAGCTTCTGA and (R) AA-TGCTTTGTAGTGGCTTTGTTTCC, producing an amplicon of 1,911 bp (4); the primers used for the centromeric breakpoint were (F) TGGCATTACAAGAGTTAGCTTCTGA and (R) CC-TCCAGGGTGACTAAATTTG, producing an amplicon of 1,813 bp; and the primers used for the telomeric breakpoint were (F) AACTAGAAGGCCATTGGCTG and (R) AATGCTTTGTA-GTGGCTTTGTTTCC, producing an amplicon of 609 bp.
Quantitative RT-PCR Analysis. The primers used in these assays were as follows: human Fibroblast Growth Factor 13 (hFGF13) (core)-(F) CAGCCGACAAGGCTACCAC and (R) GTTCC-GAGGTGTACAAGTATCC; human MCF2 cell line derived transforming sequence (hMCF2)-(F) GCAGCAGGAACTT-TTGACAG and (R) GCTGGTGTGTTCCAATTCAG; human SRY related HMG box 3 gene (hSOX3)-(F) GTTGGGACGC-CTTGTTTAGC and (R) TAGCGCGAAGAAATATCAAAC-AG (4): human Coagulation Factor IX (hF9)-(F) GCATTCT-GTGGAGGCTCTATC and (R) GCTGCATTGTAGTTGT-GGTG; human ATPase, class VI, type IIC (hATP11C)-(F) GGACATTTCTGGCTGCCTTTG and (R) CCAGAATC-GGGTATCCAAG; hK14-(F) GGGATCTTCCAGTGGG-ATCT and (R) GCAGTCATCCAGAGATGTGACC; and hGAPDH-(F) ATGGACACGCTCCCCTGACT and (R) GA-AAGGTGGGAGCCTCAGTC. hFGF13 isoform-specific PCR was performed using the following primers: FGF13-001 (1S)-(F) CGAGAAATCCAACGCCTGC (5) Expression was normalized to the GAPDH housekeeping gene and compared with the control samples. For each assay, cDNA was used from three controls, three carriers, and three affected individuals unless indicated otherwise. For expression analysis of microRNAs, human-miR-504 and human-miR-505, the following miScript primer assays (Qiagen) were used: Hs_miR-504_1, Hs_miR-505_1, and Hs_RNU6-2_1 miScript (miScript PCR Control). Images were generated using GraphPad Prism.
Whole-Mount and Section in Situ Hybridization. For mouse section in situ hybridization, dorsal skin isolated from Swiss Webster mice at indicated time points was harvested and embedded in OCT, where a microtome cryostat was used to generate 10-μm sections. For human studies, 12-μm hair follicle sections were used. The sense and antisense riboprobes were constructed using in vitro transcription and the Digoxigenin (DIG)-labeling system (Roche). The following primers were used and recognize the core region of the FGF13 sequence: mouse Fgf13 (mFgf13)-(F) TCAAACCAAGCTGTATTTGGC and (R) CTTTCAGTGGT-TTGGGCAGAA; and hFGF13-(F) AGCCTCAGCTTAAG-GGTATAG and (R) CAAGAACACTGTTACCTTGAGC.
Immunofluorescence Staining on Skin Biopsies. Sections were fixed with acetone at −20°C for 10 min, washed three times in 1× PBS, and then blocked in 1.5% (vol/vol) fish gelatin/1% (vol/vol) BSA in 1× PBS at room temperature for 1 h. The rabbit anti-FGF13 antibody recognizing the C terminus of the protein was generously provided by Geoffrey Pitt (Duke University, Durham, NC) and was used at a concentration of 1:400 in 1.5% (vol/vol) fish gelatin/1% (vol/vol) BSA in 1× PBS. The rat anti-mouse CD200 antibody (1:100) (BD Pharmingen), guinea pig anti-human K75 (1:1,000) (a gift from Lutz Langbein, German Cancer Research Center, Heidelberg) and rabbit anti-human K14 (1:1,000) (Covance) were diluted in 1.5% (vol/vol) fish gelatin/1% (vol/vol) BSA in 1× PBS. The anti-rabbit, -rat, and -guinea pig IgG isotype (Santa Cruz Biotechnologies) antibodies were used as primary controls at the same concentrations as the respective primary antibodies listed above. Following PBS washes, the Alexa Fluor 488 donkey anti-rabbit IgG (Molecular Probes, Invitrogen), Alexa Fluor 594 donkey anti-rat IgG (Molecular Probes, Invitrogen), and Alexa Fluor 594 goat anti-guinea pig IgG (Molecular Probes, Invitrogen) secondary antibodies were added to the cryosections at a concentration of 1:800 in 1× PBS. Sections were mounted in VECTASHIELD mounting medium with DAPI (Vector Laboratories) and imaged using a LSM 5 laser-scanning Axio Observer Z1 confocal microscope (Carl Zeiss). For human studies, Zstack images were taken at 10× and 20× magnifications using identical settings and consistent Z-stack intervals between slides. For mouse studies, images were taken at a 20× magnification.
Statistical Analysis. A Student t test (two-tailed) was used to determine statistical significance in quantitative RT-PCR assays with a significance level (α) of 0.05. Three biological replicates were used in each analysis (unless indicated otherwise), and values represent the average of three independent experiments for the three biological replicates. Error bars represent the SEM.
Assessment of X-Inactivation Skewing in Female Carriers. The human androgen receptor assay (HUMARA) was performed to determine skewing of X inactivation as previously described (6) . Genomic DNA from five female carriers was used for amplification of a differentially methylated CpG dinucleotide site near a polymorphic region in exon 1 of the Androgen Receptor (AR) gene, and PCR products were digested with the HpaII (methylation-sensitive) and RsaI (cocutter, methylation-insensitive) restriction enzymes to distinguish between methylated and nonmethylated alleles. X-chromosome-inactivation skewing percentage was determined using the method described in ref. 6 .
RNA Sequencing in Whole Skin. RNA sequencing (RNA-seq) was performed on whole skin from one control and one affected individual. Preparation of the cDNA library for sequencing was performed using the TruSeq kit (Illumina). In brief, 100 ng total RNA extracted from affected and control skin biopsies was purified (using polyA capture to select for mRNAs), fragmented, and converted into single-stranded cDNA using random hexamer priming. Next, the second strand was generated and doublestranded cDNA was purified using bead capture. End repair was then performed to create blunt ends, followed by adenylation of the 3′ ends (to prevent intramolecular ligation), ligation of indexing adaptors to the ends of the double-stranded cDNA, and enrichment of DNA fragments containing adaptor molecules using PCR. The resulting cDNA library was then sent to the genomics core facility at The Rockefeller University to be sequenced on the Illumina HiSeq. 2000 machine using single-end reads of ∼50 bp, with an overall sequencing depth of ∼15 million reads per sample. Reads were mapped to the human reference genome (National Center for Biotechnology Information build 37.2) using TopHat, an algorithm designed to align reads from an RNA-Seq to a reference genome based on existing transcript annotation and inferred new splice sites (7) . To estimate the relative abundance of genes and splice isoforms, the data were then analyzed using Cufflinks, a program that contains algorithms that estimate transcript abundance while accounting for alternative splicing (8) . Fragments per kilobase of exon per million fragments mapped were normalized to the upper quartile. Differential expression of isoforms was tested using Cuffdiff, a program that uses the Cufflinks transcript quantification engine to determine transcript levels in more than one condition.
In Silico Prediction Analysis of miR-504 Target Genes. miR-504 target genes were determined using a comprehensive database, miRWalk (9), which provides information on predicted, validated, and published microRNA target genes. We applied filters to select target genes with a minimum seed sequence of seven nucleotides, the longest transcript of a given gene, and a P value of 0.05 or less, which represents the strength of the prediction through a Poisson distribution. Furthermore, target genes that appeared in three or more of the following prediction programs were selected: TargetScan, miRanda, miRDB, PICTAR5, miRWalk, RNA22, and DIANA-mT. Fig. S1 . Morphometric analysis of patient hair follicles reveals matrix, dermal papilla, and hair shaft defects. Quantification of hair follicle components using the length-measuring tool in the AxioVision program revealed a widened dermal papilla (threefold increase; P = 0.0000343), matrix (1.9-fold increase; P = 0.0000642), and hair shaft (1.25-fold increase; P = 0.036). Inner root sheath (IRS) differences in the lower and upper outer root sheath were not statistically significant. Hair follicles were analyzed from one control and two affected individuals, where the average widest distance was calculated for each hair follicle structure. A Student t test was performed comparing the affected to the control value with a cutoff P value of 0.05 for statistical significance; *P < 0.05; ***P < 0.001. Error bars represent the SD. Table S2 . Differential expression of FGF13 (bolded) and other genes ∼3 Mb on either side of the 389-kb insertion (underlined and italicized) at Xq27.1 by RNA-seq Genomic coordinates reference UCSC Genome Browser human reference hg18.
